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The spectrum of the doubly heavy baryons is estimated with respect to the new observation from the LHCb collaboration [1] by using the chiral partner structure and heavy quark spin-flavor symmetry. The effects of heavy quark flavor symmetry breaking and light quark flavor symmetry are considered. The mass splitting of doubly heavy baryons with the same spin but opposite parity arises from the generalized Goldberger-Treiman relation. The intermultiplet one-pion transition and intramultiplet radiative transitions are also be estimated. Very recently, the doubly charmed baryon Ξ ++ cc was observed by the LHCb collaboration [1] at a very high confidence level. Differently from the experimental status of its light flavor partner of Ξ + cc , the observation of Ξ ++ cc confirms the existence of the doubly heavy baryons (DHBs) which are the straight forward prediction from the extension of the quark model [2] [3] [4] [5] . It is reasonable to believe that this mile stone observation unveils a new direction in particle physics. After the observation of LHCb collaboration, properties of DHBs have been considered by several groups [6] [7] [8] .
Inside a DHB, there is a heavy diquark and a light quark. Since the heavy quark in a DHB is almost near its mass shell, it is reasonable to expect that the heavy quark limit is applicable in this system (for a review, see, e.g., [9] ). Since there is a light quark in a DHB, the chiral symmetry which is widely used in the physics of light hadrons is applicable. In this paper, concerning the experimental progress [1] and our previous works [10, 11] , we devote ourselves to study the spectrum of the DHBs by using the effective model with respect to the chiral symmetry and heavy quark spin-flavor symmetry.
Since the heavy quark has a large mass, in the heavy quark limit, the heavy diquark in a DHB can be regarded as a compact object without radical excitation, that is, either a boson Φ with quantum numbers J P Q = 0 + or a boson Φ µ with quantum numbers 1 + 1 . Schematically, the quark contents of these two states are
where Φ and Φ µ include the annihilation operator for a heavy diquark, C = iγ 2 γ 0 is the charge conjugation operator and the heavy quark flavor matrix Q (′) = (c, b). * yongliangma@jlu.edu.cn † harada@hken.phys.nagoya-u.ac.jp 1 Note that, for a heavy diquark composed by the same heavy quarks, Φ does not exist. In addition, in the present work, we changed our conventionΦ (µ) used in the previous works [10, 11] to Φ (µ) .
Both states are color anti-triplets. And, in the heavy quark flavor basis, we have the following matrix form
in which Φ cb = −Φ bc due to the heavy quark flavor asymmetry. Because of the spin-flavor symmetry in heavy quark limit [12] [13] [14] [15] , all the states in Φ and Φ µ have the same mass.
In the heavy quark limit, these states can be arranged into a heavy quark multiplet
where P ± = (1 ± v /)/2. Since colors of two heavy quarks in X are antisymmetric, the spin and flavor indices are taken to be symmetric. Then the representation of X under the heavy quark spin-flavor SU(4) symmetry is 10, which is decomposed into (1, 1) ⊕ (3, 3) corresponding to Φ ⊕ Φ µ . The parity transformation of X is written as
After an appropriate normalization, the anti-heavy quark fieldQ and the heavy diquark field X can be arranged into a column
And the color interaction does not mixQ and X. That is, there is a superflavor symmetry for the heavy quark sector [16, 17] . We next couple the light quark to the heavy object to study the heavy hadrons including a light quark. With respect to the light quark components of heavy hadrons, in addition to the heavy quark spin-flavor symmetry, the chiral partner structure can be used to classify the heavy hadrons, like what was proposed for heavy-light mesons [18] [19] [20] [21] . For studying the chiral partner structure of the heavy hadrons, we consider light-quark clouds with j P = (1/2) + and (1/2) − as parity partners to each other where the former comes from the s-wave coupling between the light quark and heavy constituent but the latter comes from the p-wave coupling. Considering these two light-quark clouds with j P = (1/2) + and (1/2) − , one can define two kinds of heavy hadrons, one kind Ψ + with a light-quark cloud j P = (1/2) + and the other kind Ψ − with a light-quark cloud j P = (1/2) − as follows
whereH andḠ include anti-heavy mesons with J P = (0 − , 1 − ) and (0 + , 1 + ), respectively, and the fields B + and B − include DHBs with positive and negative parities, respectively.
By writing the anti-heavy meson fields with J P = (0 − , 1 − ) and (0 + , 1 + ) as (P ,P * µ ) and (P * 0 ,P µ 1 ),H and G are expressed as
It should be noted thatP is doublet of the heavy flavor symmetry includingD and B mesons and triplet under the light flavor symmetry:
and similarly forP * µ ,P * 0 andP µ 1 . Because of the existence of the heavy flavor symmetry, B ± includes a heavy-quark spin singlet with J P = 1 2 ± and a heavy-quark spin doublet with
By writing the singlet field as φ ± and the doublet field as ψ µ ± , B ± are expressed as
where h, h ′ , h 1 , h 2 are spinor indices for heavy quarks and l is the spinor index for baryons. The summation over repeated indices are understood. For simplicity of writing, we express the above structure as
We further decompose the ψ µ ± fields into
where
and the spin-3/2 Rarita-Schwinger fields ψ
Each field of B ± carries three flavor indices, two of which are for heavy flavors, c and b, and one for light flavors, u, d, s. For clarifying notations, we express φ ± , ψ ± 1/2 and ψ µ ± 3/2 in terms of physical baryons:
We note that the parity transformations ofH,Ḡ and B ± are given bȳ
For later convenience, we define the conjugation fields of Ψ ± asΨ
By writing spinor structure explicitly, these fields are expressed as
andB
In terms of the parity eigenstates, one can make the combination
where γ 5 act on the index corresponding to light quarks. For later convenience, we introducē
By using these fields, Ψ L,R are expressed as
Under chiral transformation, Ψ L,R transform in the same way as the current chiral quark, i.e.,
with g L,R ∈ SU (3) L,R . Now, we are in the position to construct the chiral effective Lagrangian for heavy hadrons with chiral partner structure. Following the procedure used in Refs. [10, 11] the effective Lagrangian preserving chiral symmetry as well as heavy quark symmetry can be written as
where M is the light meson field which transforms as M → g L M g † R under chiral transformation, and g π , g A , g S and g I are real dimensionless coupling constants. In terms of the scalar and pseudoscalar fields, one can make a decomposition M = S + iΦ = 2S a T a + 2i (π a T a ) with S a being the scalar nonet field, π a being the pseudoscalar nonet field and T a being the generators of U(3) group with the normalization tr (T a T b ) = (1/2)δ ab . Compared to our previous works [10, 11] , we include the g S term in Eq. (24) which is significant for predicting the intermultiplet hadronic decay.
As we know that, even though the charm quark mass and bottom quark mass are both large compared to their off-shell scales, the flavor symmetry is strongly broken. To account for the mass splitting between charm baryon and bottom baryon with preserving the heavy quark spin symmetry, we introduce 
where M H and M G are the rotated masses of the H doublet and G doublet, respectively. This equation yields
For the DHBs, their masses are expressed as
which yield the mass relation
Similar relations hold for negative parity baryon B − . Explicitly
which yield
It should be stressed that the heavy-flavor symmetry leads to the degeneracy of two different heavy quark multiplets of bc baryons, i.e., the heavy-quark singlet φ bc type and the heavy-quark doublet ψ bc type, as pointed in Ref. [10] . Here, above results in Eqs. (28) and (30) show that the violating terms of the heavy-flavor symmetry at first order in Eq. (25) do not generate the mass difference between the φ bc -type baryons and ψ bc -type baryons.
We would like to stress that the superflavor symmetry [16, 17] links the coupling constants in heavy meson sector to the present DHB sector [22, 23] . Therefore, we can make predictions on the properties of DHBs using the present information of heavy-light mesons. After chiral symmetry breaking which can be achieved by a suitable choice of the potential of the light meson sector, S, and therefore M field, acquire vacuum expectation value M = f π with f π being the pion decay constant. From the Lagrangian (24), the mass splitting of the chiral partners are
In the following, we shall perform numerical analyses. For a realistic analysis, we phenomenologically include the effect of heavy spin violation as well as that of explicit breaking of the chiral symmetry from the current quark masses of u, d and s quarks. Let us explain how to include those effects in the following.
In the present analysis, we estimate ∆M q using the masses of charmed mesons as follows. In u-quark sector, we use the masses of
0 listed in Table I to obtain
which we also use for d-quark sector. For s-quark sector, from the masses of
± listed in Table I , we have
Using these values we estimate ∆M q = 429 ± 28 MeV , for q = u, d; 347.9 ± 0.6 MeV . for q = s.
(35) To estimate the masses of the DHBs, in addition to the mass relation from the Lagrangian (24) and (25), we take some inputs. For the doubly charmed baryons Ξ cc , we take the central value of recent LHCb data m Ξ ++ cc = 3621.40 [1] . For the mass of Ω cc , we estimate it from the relation m Ωcc − m Ξcc ≃ m Hs − m Hq = 104.9 ± 0.3 MeV ,(36) which yields m Ωcc ≃ 3726.3 MeV with omitting the error bar. To estimate the DHBs including a pair of bottom quarks, we take m Ξ bb = 10150 MeV as reference value, which is the average of the central values obtained in Refs. [24, 25] . The mass of Ω bb is estimated as m Ω bb ≃ m Ξ bb + m Ωcc − m Ξcc ≃ 10155 MeV, which is in agreement with the calculation of Ref. [25] . For the DHBs in the same heavy quark multiplet, even though they have the same mass in the heavy quark limit, their mass difference can be estimated by using the heavy quark-diquark symmetry relation [26, 27] as follows:
With the above discussions, we predict the masses of the DHBs in Table II . We next turn to the strong decays of the DHBs. For this purpose, we first estimate the coupling constant g π which measures the intermultiplet transitions of the chiral partners. From the mass splitting for q = u, d in Eq. (35), one finds that g π can be estimated by using the generalized Goldberger-Treiman relation
where we use f π = 92.42 ± 0.26 MeV. Then, by using this value and considering the isospin relation, one can calculate the full width of
where | p π | is the three momentum of the decay products. The above result is about three times of the observed widths 267±40 MeV (D * 0 0 ) and 230±17 MeV (D * ± 0 ) [28] , so that, if one only used the g π term in Lagrangian (24) to calculate the one-pion intermutiplet transition, the predicted widths of DHBs would be too large. Considering this defect, we include the g S term in the Lagrangian (24) . Therefore, the full width of D * 0 → Dπ is written as
where E π is the energy of the outgoing pion. By using the experimental value of the total width of D * 0 (2400) 0 , 267 ± 40 MeV [28] , one obtains two solutions as g S = 0.43 ± 0.08 , 1.63 ± 0.14 ,
which are common in the calculation of the intermultuplet decays of DHBs.
In terms of the mass difference ∆M B;q , the intermultiplet one-pion transitions of the DHBs in the isospin symmetry limit can be studied. The relevant partial widths are expressed as
where |p π | and E π are the three-momentum and energy of π in the rest frame of the decaying DHB and ∆ π 0 η is the magnitude of the η-π 0 mixing. Here, we take ∆ π 0 η = − 5.32 × 10 −3 estimated in Ref. [29] based on the twomixing angle scheme (see, e.g., Ref. [30] and references therein). The channels including charged pions can be obtained by using the isospin relation. Our results of the intermultiplet one-pion transition are summarized in Table II .
Since the mass difference between the DHB in a heavy quark multiplet with spin-3/2 and that with spin-1/2 is less than the pion mass, unlike the heavy-light meson including a charm quark, the intramultiplet hadronic transition is forbidden. Therefore, the dominant intramultiplet transition is the electromagnetic transition. In our present framework, we can write the Lagrangian for the magnetic decays of heavy hadrons as
where β is the parameter introduced to account for the magnetic moment of the light quark in the heavy hadron, Q light = diag(2/3, −1/3, −1/3) is the charge matrix of the light quark and Q heavy = diag(2/3/m c , −1/3/m b ) denotes the charges of the heavy quark in the heavy hadron. F µν is the field strength of the photon field. The subscript "light" for
implies that it acts on the spinor indices for light quarks, and the subscript "heavy" does for heavy quarks. Using this Lagrangian, one can obtain the following simple rates for the intramultiplet transitions
where | P γ | is the three momentum of photon. Instead of determine β trough relation β = 1/m q with m q being the light constituent quark mass, we determine the value of β from Eq. (44) using the experimental data Γ(D * ± → D ± + γ) = 1.3 KeV with m c = 1.28 GeV as
where the former value is similar to that determined by using constituent light quark mass. Then, using this value in Eq. (45), we calculate the radiative decays of doubly heavy baryons which are listed in Table II . In this work, considering the recent LHCb observation, we studied the spectrum of doubly heavy baryons based on the chiral partner structure model. The masses of the spin-parity (1/2) ± , (3/2) ± DHBs are estimated, the intermultiplet one-pion transitions of the DHBs are calculated and the electromagnetic intramultiplet transitions are calculated. Similar to our previous work, the splitting of the masses of chiral partners are estimated to be 430 MeV for the DHBs including up or down quarks which 350 MeV for DHBs including strange quark. Using the extended Lagrangian in this work, we calculated the intermultiplet one-pion transitions and found that the total widths of the DHBs with negative parity are revised to ∼ 300 MeV for the DHBs including up or down quarks but those for the DHBs including a strange quark are revised to 3 KeV. In addition, we also calculated the intramultiplet electromagnetic transition of the DHBs, since unlike the charmed mesons, the mass difference between the heavy quark partner is smaller than the pion mass. The present results can be used as a hints for the future DHB search. It will be interesting to study the modification of masses of chiral partners of DHBs similarly to Refs. [31] [32] [33] . 
